Abstract. The HSulf-1 (heparan sulfate 6-O-endosulfatase 1) gene is an important element that modulates the sulfation status of heparan sulfate proteoglycans (HSPGs), leading to the interference of HSPG-related signal transduction pathways. HSulf-1 plays a key role in regulating cell proliferation, tumorigenesis and angiogenesis. Recently, some studies have reported that HSulf-1 is a down-regulated gene in the majority of examined tumor types. In our present study, a recombinant plasmid DNA carrying HSulf-1-cDNA (pHSulf-1) was constructed. The antitumor effect of pHSulf-1 delivered by heparin-polyethyleneimine (HPEI) nanogels on human ovarian cancer and the possible mechanisms of the antitumor efficacy in vivo were further investigated. Heparin-polyethyleneimine (HPEI) nanogels, as a new safe non-viral gene delivery carrier, were prepared to deliver the plasmid expressing HSulf-1 into HSulf-1-deficient SKOV3 human ovarian cancer cells in vitro and in vivo. pHSulf-1 could be efficiently transfected into SKOV3 ovarian cancer cells by HPEI nanogels in vitro and in vivo. Stable expression of HSulf-1 in vitro and in vivo was verified by reverse transcription polymerase chain reaction (RT-PCR) and Western blot analysis. Furthermore, a SKOV3 intraperitoneal ovarian carcinomatosis model was established to investigate the growth inhibition function of pHSulf-1 in nude mice. Tumor weight was measured. An anti-angiogenesis effect of pHSulf-1 in vivo was detected by CD31 immunostaining and alginate-encapsulate tumor cell assay. Assessment of apoptotic cells and proliferation index in tumor tissues were performed by TUNEL assay and Ki-67 immunostaining. Intraperitoneal injection of pHSulf-1/HPEI complexes efficiently reduced tumor weight by approximately 87% compared with control groups (P<0.01). Meanwhile, reduction in angiogenesis, inhibition of cell proliferation, as well as induction of tumor cell apoptosis were observed, without apparent systemic toxic effects. Collectively, these observations provide the first evidence that pHSulf-1 delivered by HPEI nanogels may become a promising therapeutic strategy against human ovarian cancer.
Introduction
HSulf-1 has recently been cloned as the human ortholog of QSulf-1. The full-length HSulf-1 cDNA contains an open reading frame of 2616 bp and encodes HSulf-1 protein of 871 amino acids. It has been identified as an extracellular arylsulfatase activity enzyme exhibiting highly specific endoglucosamine-6-sulfatase activity against intact heparin (1, 2) . Heparan sulfate proteoglycans (HSPGs) play important roles as co-receptors for numerous heparin-binding growth factors, chemokines and adhesion molecules. Thus they may serve as key regulators of cell signaling in the extracellular matrix and on the cell surface (3) (4) (5) . HSulf-1 can selectively remove the 6-O-sulfate groups from heparan sulfate, resulting in changes in HSPG-related signal transduction pathways, such as fibroblast growth factor 2 (FGF-2), heparin-binding epidermal growth factor (HB-EGF), hepatocyte growth factor (HGF), vascular endothelial growth factor 165 (VEGF 165 ) and Wnt signaling pathways, and consequently dysregulation of HSulf-1 may exert considerable effect on cell growth and tumor formation (6) (7) (8) (9) (10) (11) (12) (13) (14) . Recently, some studies have identified HSulf-1 as a down-regulated gene in the majority of examined tumor types including ovarian cancer, hepatocellular cancer, breast cancer and head and neck squamous cell carcinoma (6) (7) (8) . Forced expression of HSulf-1 diminishes signaling of a variety of heparin-binding growth factors, inhibits cell proliferation, migration, invasion and enhances drug-induced apoptosis in vitro (6) (7) (8) (9) (10) . In addition, re-expression of HSulf-1 also inhibits angiogenesis, tumorigenesis and promotes druginduced apoptosis in vivo (10) (11) (12) .
Gene therapy was initially considered as an approach for treating hereditary diseases. Nowadays, its application in cancer treatment has been widely recognized (15, 16) . At present, many functional genes associated with different tumor types have been identified, but the clinical application of gene therapy is restricted mainly due to lack of safe and efficient gene delivery technologies. Non-viral gene vectors possess many advantages over viral vectors. Most non-viral gene vectors have the capacity of delivering larger DNA molecules, low immunogenicity and they are more cost-effective and convenient to manufacture than viral vectors (17) (18) (19) . So far, cationic polyethyleneimine (PEI) has been used as one of the most efficient non-viral gene transfection reagents. However, PEI is not biodegradable and has a shortcoming of the correlation among transfection efficiency, cytotoxicity and its chain length (20, 21) . In order to overcome this limitation, intensive studies have been carried out to couple short PEI chains into a longer one using biodegradable linkers (22) (23) (24) (25) (26) . Recently, we have synthesized a safe and efficient nonviral gene vector. The low molecular weight PEI was chemically conjugated into biodegradable cationic nanogels by heparin (27) .
Ovarian cancer is the leading cause of death among all gynecological malignancies and accounts for 3% of all cancer types in women (28) . Despite improvements in surgery, chemotherapy, radiotherapy and new biological therapies for patients with ovarian cancer, the mortality still remains on a high level (29) . Therefore, the development of more feasible, effective and novel therapeutic approaches to combat ovarian cancer is urgently needed.
HSulf-1 is down-regulated in the majority (~75%) of tumor tissues originated from ovarian cancer patients (6) . In the present study, we used the novel prepared HPEI nanogels which acted as a safe and efficient non-viral gene vector to deliver the plasmid expressing HSulf-1 (pHSulf-1) into HSulf-1-deficient SKOV3 human ovarian cancer cells in vitro and in vivo, with the purpose of exploring the possible mechanism of the tumor suppressor function of HSulf-1 on human ovarian cancer in vivo. Intraperitoneal administration of pHSulf-1/HPEI complexes to the nude mouse bearing intraperitoneal xenograft of human ovarian cancer partly inhibited tumor growth by way of reducing angiogenesis, decreasing cell proliferation and inducing apoptosis. The treatment with pHSulf-1/HPEI complexes was devoid of any conspicuous toxicity.
Materials and methods
Cell line. The human ovarian serous cystadenocarcinoma cell line SKOV3, obtained from American Type Culture Collection (ATCC, Manassas, VA) was cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 U/ml of penicillin and 0.1 mg/ml of streptomycin. Cells were incubated in a humidified atmosphere containing 5% CO 2 at 37˚C and passaged every 3 days at a split ratio of 1:3 using trypsin.
Construction and purification of plasmid.
To insert the HSulf-1 (GenBank accession no. NM-001128205.1 GI:189571640) coding region into the expression plasmid pVAX (Invitrogen), the human skeletal muscle tissue which was confirmed with a higher expression level of HSulf-1 mRNA (1) was collected with the written consent and approval by the Institutional Review Board of Sichuan University. The normal human skeletal muscle tissue sample was acquired from a previously healthy people undergoing surgical resection and snap-frozen in liquid nitrogen immediately. Then the tissue sample was kept at -80˚C before the total RNA extraction. Total RNA was extracted using TRIzol reagent (Invitrogen).
The HSulf-1 gene was amplified by reverse transcription polymerase chain reaction (RT-PCR) using Takara one step RNA PCR kit (Takara, Japan). The expected size of RT-PCR product was 2616 bp. The sequences of forward and reverse primer were 5'-CGCGGATCCAAGATGAAGTATTCTTGCTGTGC-3' and 5'-CGCGATATCTTAACCTTCCCATCCATCCCATA-3' for HSulf-1, respectively. The RT-PCR was carried out as follows: reverse transcription (50˚C for 30 min) and denaturation (94˚C for 2 min); amplification for 35 cycles (94˚C for 0.5 min), annealing (60˚C for 0.5 min) and extension (72˚C for 3 min); followed by a terminal elongation procedure (72˚C for 10 min). The RT-PCR product was purified from a 1.0% agarose gel using a gel extraction kit (Qiagen). Then it was digested with BamHI/EcoRV and subcloned into pVAX vector digested with BamHI/EcoRV with T4 DNA ligase (Promega) to generate pHSulf-1. As a control, pVAX plasmid without HSulf-1 cDNA was used as an empty vector (named pEP). Positive colonies of DH5α Escherichia coli containing pHSulf-1 or pEP were cultured in Luria-Bertani broth containing 50 µg/ml of kanamycin. A broad scale preparation of plasmid DNA was purified using an EndoFree Plasmid Giga kit (Qiagen, Chatsworth, CA). The recombinant pHSulf-1 was confirmed by restriction digestion and DNA sequencing.
Preparation of plasmid/HPEI complexes and transfection in vitro. The SKOV3 cell transfection was carried out using a biodegradable cationic nanogel-HPEI nanogels synthesized at the State Key Laboratory of Biotherapy and Cancer Center as previously described (27) . To determine the optimal plasmid/ HPEI ratio (µg/µg) for efficient gene delivery, a series of experiments with different plasmid/HPEI ratios transfecting SKOV3 cells in vitro were performed. We used the recombinant pVAX plasmid coding the green fluorescent protein (GFP) in these experiments and obtained a maximum efficiency of transfection when 2 µg plasmid/20 µg HPEI was used (data not shown).
SKOV3 ovarian cancer cells were seeded in 6-well plates at a density of 2x10 5 /well and cultured for 24 h to reach 80% confluence. Plasmid (pHSulf-1 or pEP)/HPEI complexes (2 µg plasmid/20 µg HPEI) were prepared in 1 ml DMEM medium without serum. Meanwhile, normal saline (NS) was also used as a control agent. Cells were incubated with pHSulf-1/HPEI complexes, pEP/HPEI complexes, HPEI nanogels or NS for 6 h, and then the medium was replaced by 2 ml DMEM supplemented with 10% FBS and incubated for an additional 48 h. Afterwards, the cells and the supernatants were collected and used for further assay. All transfections were performed in triplicate.
Expression of HSulf-1 mRNA detected by RT-PCR.
The reverse transcription polymerase chain reaction (RT-PCR) was used to verify the stable expression of HSulf-1 mRNA in transfected SKOV3 cells and intraperitoneal tumor tissues. Total RNA was extracted from each experimental group using TRIzol reagent (Invitrogen) and then the RNA concentration was detected by spectrophotometric analysis. The RT-PCR reactions with the isolated total RNA (0.5 µg) were carried out as above mentioned. After the reactions were completed, each RT-PCR product (10 µl) was electrophoresed in a 1.0% agarose gel.
Western blot analysis.
To verify whether HSulf-1 was re-expressed in the SKOV3 cells after transfection with pHSulf-1/HPEI complexes and intraperitoneal tumor tissues, the SKOV3 cells after transfection and the tumor tissue samples from each experimental group were lysed in modified RIPA lysis buffer containing PMSF (1 mM). Protein concentrations of lysates were detected using the Bio-Rad protein assay (BioRad, Hercules, CA). Equal amounts of protein were loaded onto 8% SDS-PAGE for electrophoresis, transferred to PVDF membranes (Millipore) and immunoblotted with rabbit antihuman polyclonal antibody against HSulf-1 (diluted 1:1000, Santa Cruz Biotechnology). The blots were incubated with the horseradish peroxidase-conjugated secondary antibody and the immunoreactive bands were visualized by chemiluminescence detection. GAPDH was used as the internal standard.
Establishment of the tumor model and treatment in vivo.
The animal experiment procedure was reviewed and approved by the Institutional Animal Care and Treatment Committee of Sichuan University. The female athymic BALB/c nude mice (6-8 weeks old, 18-20 g each) were used to establish the intraperitoneal xenograft model of human ovarian cancer on the basis of a previous study in the State Key Laboratory of Biotherapy and Cancer Center (30) .
Briefly, SKOV3 cell suspension (5x10 6 cells in 100 µl DMEM without serum and antibiotics) was injected subcutaneously in the backs of 4 nude mice. When the diameter of tumors grew up to about 1 cm, tumors were collected, with the necrotic areas excised and then minced into tiny particles with a diameter ≤1 mm. Sufficient DMEM medium was added into these tumor particles to reach a final volume of 12 ml and then 24 nude mice were inoculated intraperitoneally with 0.5 ml of the above mixture, respectively. Seven days after the i.p. tumor inoculation, mice were randomly allocated into four groups (six mice/per group): i) untreated, normal saline (NS); ii) 50 µg HPEI nanogels alone; iii) 5 µg pEP/50 µg HPEI complexes; and iv) 5 µg pHSulf-1/50 µg HPEI complexes (volume, 100 µl).
Afterwards, all mice were intraperitoneally administered the above agents every other day for 12 times. The weight of mice, cachexia and other abnormalities were monitored. These mice were sacrificed 3 days after the last intraperitoneal injection. The intraperitoneal tumors were excised and weighed. At the time of sacrifice, each mouse was observed and recorded in terms of ascite volume, the number and location of peritoneally disseminated macroscopic tumors. A part of the tumor tissues were immediately snap-frozen in liquid nitrogen, and then kept at -80˚C for further assay. The remaining of tumor tissues were fixed in 10% formalin (pH 7.0) and embedded in paraffin.
Alginate-encapsulate tumor cell assay. An alginate-encapsulate tumor cell assay was performed to explore whether the antitumor effect of HSulf-1 involved the inhibition of angiogenesis as previously mentioned (31, 32) . Briefly, alginate beads containing 1x10 5 SKOV3 ovarian tumor cells per bead were implanted s.c. into both dorsal sides of the BALB/c nude mice. Mice were treated every other day with i.p. administration of 5 µg pHSulf-1/50 µg HPEI complexes, 5 µg pEP/50 µg HPEI complexes, 50 µg HPEI nanogels or 0.9% NS. The mice were injected intravenously with 100 µl of a 100 mg/kg FITCdextran (Sigma) solution after 12 days. After FITC-dextran injection, alginate beads were photographed after being exposed surgically and then rapidly removed in 20 min. The uptake of FITC-dextran was measured as previously described (31, 32) .
Immunohistochemistry staining. CD31 and Ki-67 immunostaining for intraperitoneal tumors were carried out with goat anti-mouse CD31 (diluted 1:100; Santa Cruz Biotechnology) and rabbit anti-human Ki-67 antibody (diluted 1:100; Thermo), respectively. Intraperitoneal tumor sections (3-5 µm) were first deparaffinized and rehydrated. The antigen retrieval was performed by heating in 10 mM citrate buffer solution (pH 6.0) at 120˚C, endogenous peroxidase activity was blocked by 3% H 2 O 2 and then non-specific binding of reagents was blocked with normal goat or rabbit serum. Sections were incubated with primary antibody, biotin-conjugated secondary antibody and streptavidin-biotin complex successively. The diaminobenzidine (DAB) peroxide solution was used to observe the immunoreaction and then the cellular nuclei were counterstained with hematoxylin.
In order to determine the microvessel density (MVD), the number of microvessels were counted in the fields having the highest vascular density without necrosis areas of different sections at x100 magnification. To quantify the proliferation index, the percentage of Ki-67-positive cells was analysed in the random fields without necrosis areas of different sections at a magnification of x400 (five high-power fields/slide).
Apoptotic analysis.
To detect apoptotic cells in intraperitoneal tumor tissues, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay was used to analyse the effect of inducing apoptosis by pHSulf-1/HPEI complexes in accordance with the manufacturer's protocol (Promega). Cell nuclei stained with dark green fluorescence were defined as TUNEL-positive nuclei and visualized by fluorescence microcopy. The apoptosis index was analysed in the random fields without necrosis areas of different sections at a magnification of x400 (five high-power fields/slide).
Evaluation of potential side effects.
To evaluate the potential side effects and toxicity of pHSulf-1/HPEI complexes, the animal weight was monitored every four days and the relevant indices such as anorexia, diarrhea, skin ulceration or toxic death were observed consecutively during the whole treatment procedure. After sacrifice, various organs (heart, liver, spleen, lung, kidney and brain) were harvested, fixed in 10% formalin (pH 7.0) and embedded in paraffin. Sections of these tissues (3-5 µm) were stained with H&E.
Statistical analysis.
All numerical values were recorded as means ± standard error (SE). Statistical analysis was performed with one-way analysis of variance (ANOVA) to determine differences of the experimental data among different groups using SPSS software. A value of P<0.05 was defined as statistically significant.
Results

Stable expression of HSulf-1 in SKOV3 cells in vitro.
In order to test whether the pHSulf-1/HPEI complexes led to effectively expression of HSulf-1 in SKOV3 ovarian cancer cells by transfection in vitro, SKOV3 cells were seeded in 6-well plates and incubated with pHSulf-1/HPEI complexes, pEP/HPEI complexes, HPEI nanogels and normal saline (NS), respectively. After transfection for 48 h, stable expression of HSulf-1 was detected using PT-PCR and Western blot analysis. HPEI nanogels efficiently transfected pHSulf-1 into SKOV3 ovarian cancer cells in vitro and HSulf-1 was expressed in the SKOV3 cells after transfection with pHSulf-1/HPEI complexes, compared with the control groups (Fig. 1) .
Expression of HSulf-1 in intraperitoneal ovarian tumor in nude mice. Next, to examine whether the pHSulf-1/HPEI complexes caused expression of HSulf-1 on SKOV3 cell line in vivo, we established an intraperitoneal xenograft model of human ovarian cancer. The nude mice were treated with the above four agents, respectively. All mice were sacrificed 3 days after the last treatment and the intraperitoneal tumors were collected for RT-PCR and Western blot analysis. The pHSulf-1/HPEI complexes resulted in expression of HSulf-1 in tumor tissues, but no expression of HSulf-1 could be detected in the three control groups (Fig. 2) .
pHSulf-1 inhibited intraperitoneal ovarian tumor growth and invasion in nude mice.
We established the intraperitoneal xenograft model of human ovarian cancer in nude mice in order to further study the efficacy of pHSulf-1 in inhibiting the growth of human ovarian tumor in vivo. The nude mice were treated with pHSulf-1/HPEI complexes and with pEP/HPEI complexes, HPEI nanogels or normal saline (NS) as control, respectively. The mice were sacrificed 3 days after the last treatment and the intraperitoneal tumors were excised and weighed. The mean tumor weight (Fig. 3) was 0.19±0.15 g, 1.15±0.26 g, 1.53±0.32 g, 1.42±0.30 g in pHSulf-1/HPEI complexes, pEP/ HPEI complexes, HPEI nanogels and normal saline (NS) group, respectively (P<0.01). No significant difference of the intraperitoneal tumor weight was observed among the control groups.
Intraperitoneal injection of pHSulf-1 efficiently reduced tumor weight by about 87% compared with controls.
In the three control groups, all mice developed macroscopic disseminated tumor nodules intraperitoneally and a portion of them emerged bloody ascites. The tumor nodules were scattered on various viscera and some could even been distinguished by the naked eye like invading the parenchyma of liver instead of only depositing on the surface. Additionally, thickened peritoneum by tumor cells and intestine conglutination were observed in most mice of these groups. Microscopic examination verified that livers of one, two and four of the six mice had tumor invasion, and the bloody ascites emerged in one, three and four of the six mice in pEP/HPEI complexes, HPEI nanogels and normal saline (NS) group, respectively. In the pHSulf-1/HPEI complexes group, the growth of intraperitoneal tumor nodules were limited to the pelvis. No obvious organs and tissues were invaded by the tumor and no ascites were observed in these mice. Two of the six mice exhibited no macroscopic tumor when sacrificed. Intraperitoneal injection of pHSulf-1/HPEI complexes inhibited the invasive capability of ovarian cancer. 
pHSulf-1 inhibited angiogenesis in vivo.
Angiogenesis in tumor tissues was evaluated using CD31 antibody which had high specific affinity of vascular endothelial cells by immunostaining. Brown staining by biotinylation was observed by microscopy. The mean microvessel density (MVD) was obviously reduced in tumors treated with pHSulf-1/HPEI complexes compared with control groups (P<0.01, Fig. 4A and  B) . The capability of anti-angiogenesis was also detected by the alginate-encapsulate tumor cell assay. New blood vessels in alginate beads from the mice treated with pHSulf-1/HPEI complexes were sparse. In addition, FITC-dextran uptake was significantly decreased from this group compared with control groups (Fig. 5A and B) .
pHSulf-1 inhibits proliferation and increases apoptosis in vivo.
We performed Ki-67 immunostaining to evaluate whether the antitumor efficacy of pHSulf-1 correlated with the decreased tumor cell proliferation. The results indicated that cell proliferation dramatically decreased in tumors treated with pHSulf-1/HPEI complexes compared with control groups (P<0.01, Fig. 4A and C) . The number of Ki-67-positive cell nuclei was counted as a ratio of the immunoreactive positive cells to the whole number of cells counted.
The TUNEL assay displayed many strongly positive nuclei in the tumor tissues of pHSulf-1/HPEI complexes group, but such nuclei were rare in tumor tissues of control groups (Fig. 4A) . Apoptotic index showed pHSulf-1/HPEI complexes resulted in a significant increase of apoptotic cells vs. control groups (P<0.01, Fig. 4D ).
Toxicity observation. The animal weight, which was considered as a parameter for evaluation of physical status, anorexia or cachexia, was monitored every four days. No apparent differences in body weight were found among the four groups (Fig. 6 ) and no gross changes such as ruffling of fur and changes in behavior occurred in the pHSulf-1/HPEI complex treated group. Additionally, no obvious pathological changes of important organs were observed by HE histological staining analysis.
Discussion
Previous studies have reported HSulf-1 could play a key role in regulating tumor cell growth and angiogenesis. In the present study, we have demonstrated that a recombinant plasmid DNA encoding HSulf-1 delivered by biodegradable cationic HPEI nanogels can efficiently inhibit intraperitoneal xenograft growth of human ovarian cancer, without apparent systemic toxic effects. Furthermore, this study provides evidence of the possible mechanism that HSulf-1 possesses antitumor capability against human ovarian cancer in vivo by way of reducing angiogenesis, decreasing cell proliferation and inducing apoptosis, and opens novel ways for future investigations of this approach.
HSulf-1, an extracellular arylsulfatase which selectively removes 6-O-sulfate from heparan sulfate is down-regulated in the majority (~75%) of tumor tissues originated from ovarian cancer patients (6) . Loss of HSulf-1 up-regulates the signaling of a variety of heparin-binding growth factors and cytokines, such as FGF-2, HGF and VEGF 165 , resulting in tumor cell proliferation and resistance to drug-induced apoptosis in vitro (6) (7) (8) (9) . In addition, forced expression of HSulf-1 can inhibit tumor growth, tumor angiogenesis and enhance drug-induced apoptosis in vivo (10) (11) (12) . The role of HSulf-1 in growth factor signaling and its effects on human tumorigenesis are under intensive investigation. Therefore, we constructed a plasmid DNA expressing HSulf-1 as a novel antitumor agent and investigated its efficacy in an intraperitoneal xenograft model of human ovarian cancer in nude mice.
So far, many functional genes related with various tumor types have been identified, but the clinical application of gene therapy is limited mainly due to lack of safe and efficient gene delivery technologies. Non-viral gene vectors have many advantages over viral vectors. Most non-viral gene vectors have no limitation to the size of transferred DNA molecules, low immunogenicity and they are easier and cheaper to manufacture than viral vectors (17) (18) (19) . However, the toxicity is still an obstacle to the application of non-viral vectors in gene therapy (33) . As a well-known cationic polymer, polyethyleneimine (PEI) has been proven to be effective for gene transfer due to its condensation of DNA, which facilitates endocytosis, and its 'proton sponger' quality, which can avoid the DNA from endosomal disruption (20, 27) . However, PEI is not biodegradable and has a shortcoming: that is, improvement of transfection efficiency is accompanied with increased cytotoxicity and both transfection efficiency and cytotoxicity increase with its chain length. Furthermore, PEI can induce obvious aggregation of erythrocytes and hemolysis (20, 21) . To overcome this drawback, in our previous study, the low molecular weight PEI was chemically conjugated into biodegradable cationic nanogels by heparin and then the prepared HPEI nanogels were used to deliver the plasmid as a novel gene delivery vector (27) . Moreover, HPEI nanogels showed lower cytotoxicity, better blood compatibility, stability in vitro and could be degraded into low molecular weight PEI followed by excretion through urine quickly in vivo. Because of these properties of HPEI nanogels, in the present study, we used HPEI nanogels as the gene transfer vector to further investigate the efficacy and safety of this approach.
Our data indicated that pHSulf-1 could be efficiently transfected into SKOV3 ovarian cancer cells by HPEI nanogels in vitro and in vivo, without emerging apparent cytotoxicity and systemic toxic effects. Expression of HSulf-1 in vitro and in vivo was verified by RT-PCR and Western blot analysis. Intraperitoneal injection of pHSulf-1/HPEI complexes efficiently suppressed tumor growth and invasion compared with control agents, similar to that observed by Dai et al (11) in myeloma model and Narita et al (12) in breast carcinoma model. We made several observations to elucidate the possible antitumor mechanism of pHSulf-1 in vivo. CD31 immunostaining and alginate-encapsulate tumor cell assay showed that pHSulf-1 resulted in apparent decrease in tumor vessel formation compared with control therapies. These results were in agreement with a previous report that HSulf-1 could inhibit angiogenesis in vivo (12) . This indicates that the intraperitoneal tumor might be exposed to a poor supply of oxygen and nutrients, which inhibits tumor growth consistent with a universally accepted concept that the growth of solid tumor is dependent on their capability to induce tumor angiogenesis (34) . The growth, persistence and metastases of most solid tumors like ovarian cancer are angiogenesis-dependent, and angiogenesis is regulated by the balance between various proangiogenic and anti-angiogenic factors (35, 36) . Because heparan sulfate can interact with considerable numbers of these factors to enhance or inhibit their activities, HSulf-1 may be a potential regulatory role in this complex procedure of pathological angiogenesis. Angiogenesis constitutes an important point in the control of cancer progression, and one step in the malignant progression of cancer is an angiogenic switch from a non-angiogenic phenotype. This involves down-regulation of tumor suppressor genes, overexpression of oncogenes, and secretion of a variety of growth factors that may act by autocrine and paracrine signal pathways (37) . Whether HSulf-1 is one of the markers of this angiogenic switch or not is currently undergoing active investigation.
TUNEL assay showed pHSulf-1 led to abundant apoptosis of tumor cells compared with control agents, consistent with that observed by Narita et al (12) in breast carcinoma model. One of the crucial therapeutic strategies against cancer is to induce tumor cell apoptosis. Previous studies have shown that the presence of HSulf-1 in some type of cancer cells sensitizes these cells to conventionally used chemotherapeutic drugs such as cisplatin and paclitaxel, and enhances drug-induced apoptosis (6) (7) (8) 10) . The combination therapy that combines suppression of angiogenesis with traditional chemotherapeutic drugs may exert a more noticeable effect of reducing tumor burden and metastases in vivo (38) . Moreover, the result of Ki-67 immunostaining suggested that the expression of HSulf-1 could inhibit ovarian cancer cell proliferation, in agreement with previous reports indicating that HSulf-1 expression down-regulated heparin-binding growth factor signaling, consequently resulting in decreased growth rate of several cancer cell lines (6) (7) (8) 11, 12) . Due to these observations that the presence of HSulf-1 can inhibit angiogenesis, decrease cell proliferation and induce tumor cell apoptosis in vivo, we hope that the therapeutic effect would be more beneficial through combination gene therapy of pHSulf-1/HPEI complexes with traditional chemotherapeutic drugs.
In conclusion, pHSulf-1 could be efficiently transfected into ovarian cancer cells by HPEI nanogels in vitro and in vivo, and HPEI nanogels could serve as an effective and safe non-viral gene vector. The application of pHSulf-1/HPEI complexes efficiently inhibited angiogenesis, decreased cell proliferation and induced apoptosis, thereby reducing tumor burden in intraperitoneal carcinomatosis model of human ovarian cancer. Treating ovarian cancer by way of pHSulf-1 delivered by HPEI nanogels might become a new and promising gene therapy protocol.
